is properly cited. e loading modes and roof lithology have a significant influence on the mechanical properties of coal seams. To reveal the failure modes and energy evolution law of underground coal during the mining process, conventional uniaxial and uniaxial cyclic loading tests were carried out on three types of samples: coal, rock, and coal-rock combinations. e results show that the samples mainly behave with three failure modes (shear slip, tensile splitting, and fracture), and all the coal sections in the coal-rock combinations fail, whereas most rock sections remain intact. e compressive strength of the coal-rock combination is higher than coal and much smaller than rock. Compared with the conventional uniaxial loading condition, both the maximum deformation before failure and Young's modulus under the cyclic loading condition are greater, and the latter increases quadratically with the cycle index. e energy densities are also calculated, and their variations are analysed in detail. e results show that with increasing cycle index, both the elastic energy stored in the sample and the dissipated energy increase in a quadratic function, and the failure process becomes more intense. is research reveals the failure modes, deformation characteristics, and energy evolution of the coal-rock combination under different loading conditions, which can provide strong support for controlling underground surrounding rocks of the coal face and roadway in coalmines.
Introduction
In the production process of an underground coal mine, production activities such as roadway excavation and coal face mining will cause strata movement and stress redistribution around the stope. us, a mining stress field is generated, and the stress changes continuously with mining activity [1] [2] [3] [4] . Its superposition with the original rock stress acts on surrounding coal seams, the roof, and floor strata, which is a typical cyclic loading condition [5] [6] [7] .
Scholars and engineers have carried out a significant amount of research on the law of deformation, failure, and energy evolution of coal and rock under cyclic loading. Compared with conventional uniaxial loading, Li et al.
found that the fragments of coal and rock under cyclic loading are mostly irregular, wedge-shaped, and blockshaped, with obvious shape characteristics [8] . Xiao et al. found that with an increase in cycling index, the peak stress decreases, while the elastic energy and dissipated energy increase [9, 10] . Yang et al. carried out uniaxial cyclic loading tests on coal and rock. ey found under cyclic loading, the destruction of samples is divided into three stages: the beginning stage, the stable deformation stage, and the accelerating deformation stage [11] [12] [13] . Yang et al. examined the mechanical damage characteristics of sandstone subjected to cyclic loading under triaxial compression condition. e result showed that the higher the unloading stress level, the more the work done on the coal and rock mass during loading, the more the elastic energy released during unloading, and the greater the energy dissipation rate is, the shorter the fatigue life of coal sample (the proportion of dissipated energy to input energy) [14] [15] [16] . Deng et al. found that the confining pressure also has a significant influence on the energy evolution. e greater the confining pressure is, the greater the elastic strain energy accumulates in the rock, and more energy is consumed during the crack propagation process, meaning the energy dissipation increases [17] [18] [19] [20] [21] .
In recent years, some scholars have realised that the coal seam and roof-and-floor rocks are loaded together in actual underground coal mine engineering. Hence, it is difficult to describe the instability of the whole structure by using the test results of single coal or rock sample. erefore, the loading test of coal-rock combinations is presented, which is more consistent with the deformation and failure of an in situ coal seam and its surrounding rocks [22] [23] [24] . Chen et al. [25] studied the mechanical properties of coal-rock combinations with different height ratios and found that the uniaxial compressive strength and Young's modulus of the samples increased with increasing rock-coal height ratio. Moreover, most of the failures of the combination samples started from the coal section. rough uniaxial and triaxial loading tests of the coal-rock combination, Zhang et al. [26] obtained the deformation and failure characteristics under different combination modes. It was considered that the failure of these combinations mainly concentrated on the coal section, which had nothing to do with the combination and loading contact modes, and the failure of the coal section could induce the failure of the rock section to a certain extent. rough an in-depth analysis of the test results, Song et al. [27] established the postpeak nonlinear stress-strain relationship of coal-rock combinations and obtained the change trend in the postpeak stress-strain relationship. Zuo et al. [28] established the constitutive model of the crack body in the postpeak crack penetration stage by conceptualising the coal-rock combinations in the postpeak stage as a crack body and matrix. Zhu et al. [29] carried out uniaxial graded cyclic loading tests on coal-rock combinations. e results showed that shear failure was the main failure mode of coal-rock combinations, and the degree of damage was aggravated with the decrease in strength of the rock section. In summary, the existing studies obtained the basic mechanical properties and failure characteristics of coal-rock combinations by cyclic loading tests. However, there are few studies on the internal energy evolution of coalrock combinations under cyclic loading, especially comparative studies on the energy evolution law with a single coal or rock sample. e energy evolution calculation method used in this study is proposed by Gong et al. and Tang et al. [30, 31] . Compared with the previous ones, this method can avoid the influence of hysteresis loop and the calculation result is more accurate and reliable.
By conducting conventional uniaxial and uniaxial cyclic loading tests on coal, rock, and coal-rock combinations, the deformation, strength, and failure characteristics of different samples were compared and analysed. Together with the calculation method of elastic energy and dissipated energy of a coal-rock combination under cyclic loading condition, the energy evolution law and its influential factors of the coalrock combination were revealed. is could provide theoretical support for the stability control of the surrounding rocks of an underground coal roadway.
Experimental Setup

Specimen Preparation.
e test samples included coal, mudstone, fine sandstone, and medium sandstone, which were taken from the 2-2 coal seam and its roof in Gaojialiang Coal Mine, Inner Mongolia. After the samples were ground, standard cylindrical samples with a diameter of 50 mm and lengths of 50 and 100 mm were prepared according to the method recommended by the International Society of Rock Mechanics. To reduce the discreteness of the test results caused by natural defects, samples with few cracks and no obvious defects were selected for testing. Further, the two ends of the samples were ground to avoid stress concentration during loading. Five samples with a height of 100 mm were processed, including two coal bodies, one mudstone, one fine sandstone, and one medium sandstone. In addition, 18 samples with a height of 50 mm were also processed, including 9 coal bodies, 3 mudstones, 3 fine sandstones, and 3 medium sandstones. After grinding, the coal and rock samples with a diameter of 50 mm and length of 50 mm were bonded together with 502-strong glue to make standard samples with a length of 100 mm. e coal samples, rock samples, and coal-rock combination samples used in the test are listed in Table 1 , and the photographs of the samples are shown in Figure 1 .
Experimental System.
e loading system used in this test was an AG-X250 electronic universal testing machine manufactured by the Shimadzu Company of Japan. e test machine is composed of the host, loading test bed, and computer, as shown in Figure 2 . It is driven by an AC servo motor. e loading mode adopts a double lead screw structure. e equipment has good stability and high precision, and the maximum test load is 250 kN. It has two loading control modes: the displacement control mode, in which the loading speed is 0.0005-1000 mm/min, and the stress control mode, in which the loading speed is 0.0001-10 kN/s. e machine is suitable for completing uniaxial compression, cyclic compression, and creep tests of rock, concrete, coal, and other materials.
When loading samples, strain gauges are used to monitor the strain of samples, and a DH3818N static strain tester is used to collect test data. e testing machine has its own pressure sensor, which can monitor the stress change of the sample during loading. e monitoring data are collected automatically by computer software, and they can be imported into Excel, Origin, and other data analysis software for processing and analysis.
Experimental
Procedure. Two types of loading tests were carried out. One was the conventional uniaxial loading test of coal samples, rock samples, and coal-rock combination samples. e other was the uniaxial cyclic loading test of coal-rock combination samples. e specific test scheme is presented in Table 1 .
Conventional uniaxial loading tests were carried out in accordance with the steps provided by the National Standard of China "methods for determining the uniaxial compressive strength and counting softening coefficient" (GB/T 23561.7-2009). In this experiment, the load control method was used to load the samples at a speed of 0.001 kN/s until they failed. e full stress-strain curves, uniaxial compressive strength, and Young's modulus of the samples were obtained. Conventional uniaxial loading tests were carried out eight times.
Based on the above test results, uniaxial cyclic loading tests of the coal-rock combinations were carried out. is experiment was carried out in accordance with the test method proposed in the national standard "classification and laboratory test method on bursting liability of coal-rock combination samples" (GB/T 25217.3) (draft). Some changes were made as follows: e loading speed of the testing machine was reduced from 1 to 0.001 kN/s, and the stress control mode was used, which was not changed during the test. e specific loading and unloading scheme was as follows: initial
e uniaxial cyclic loading tests were carried out nine times. Shock and Vibration excavation and supports the design of coal mines [32] [33] [34] [35] [36] [37] . You and Hua [38] presented four failure modes of rock under uniaxial compression conditions: tension failure, penetrating shear failure, approximately conical tension failure, and fracture failure of rock fragments. Tang et al. [39] indicated that the failure modes of rock and soil in uniaxial and triaxial compression tests can be divided into five failure types: splitting, tension shear, shear, dilatancy, and bulging. Niu et al. [40] believed that the main failure mode of sandstone under uniaxial compression was splitting, and a few samples exhibited shear failure. In summary, the failure modes of samples under uniaxial compression can be approximately divided into three types of failure: shear slip, tensile splitting, and fracture. e failure modes are shown in Figure 3 . e failure modes of some samples are shown in Figure 4 . It can be seen from the figure that the failure modes of these samples in the conventional uniaxial loading test were mostly fracture failure, with a large quantity of debris peeling off. A small number of samples had tension splitting failure with penetrating cracks. In the uniaxial cyclic loading test, the failure mode of most of the samples was similar to shear slip failure. ere were large coal bodies caving out of the test bench. A small number of samples had penetrating cracks, and the failure of these samples was tensile splitting failure. e results showed that the failure modes of coal and rock samples were mostly the typical fracture failure, and there was a large amount of debris spalling on one side of the samples, as shown in Figures 4(a)-4(c). ere were also rock samples that exhibited typical tensile splitting failure and sudden failure in the test process, as shown in Figure 4 (d). In the conventional uniaxial loading tests, the failure modes of the coal-rock combinations were also typical fracture failure, as shown in Figures 4(e) and 4(f ). In the uniaxial cyclic loading tests, most of the samples exhibited typical shear slip failure. When the samples were destroyed, massive coal caved out of the test bench, as shown in Figures 4(g), 4(i)-4(l). In addition, there were coal-rock combinations in which the failure mode was tensile splitting failure, and the top rocks showed through the cracks, as shown in Figure 4 (h).
Results and Discussion
In summary, from the perspective of failure mode, the failure modes of coal, rock, and coal-rock combination samples were the same in conventional uniaxial loading tests, and they belonged to the category of fracture failure. e failure of coal and rock samples turned into global failure, while the failure of coal-rock combination samples was mostly failure of the underlying coal body. is is due to the existence of the coal and rock interface in the combinations, and the transmission of force is affected. Because of the strength gap of the material itself, the failure of the coal body is prior to that of rock. In addition, in the uniaxial cyclic loading test, the failure modes of coal-rock combinations with different roof lithologies were different. If the roof lithology was weak, fracture failure easily occurred, but if the roof lithology was strong, shear slip failure occurred.
Deformation and Failure Characteristics. Coal and rock
can be regarded as a heterogeneous multiphase composite structure with numerous natural defects, and the distribution of these defects is completely random. Under the action of external force, the microcracks inside the coal and rock body continuously sprout, expand, penetrate, and finally form macrofractures. e generation of macroscopic fractures leads to the instability of the coal and rock [41] [42] [43] . All the stress-strain curves have compaction, elastic deformation, yield, plastic failure, and postfracture stages, which correspond to different stages of the loading process. It is convenient to analyse the deformation and failure characteristics of coal and rock. e stress-strain curves obtained from the loading tests are shown in Figures 5 and 6. e compressive strength, peak strain, and Young's modulus of the samples are listed in Table 2 . e failure characteristics of the samples are shown in Figure 4 in the conventional uniaxial and uniaxial cyclic loading tests. It can be seen that in the conventional uniaxial loading tests, most of the coal and rock samples have a penetrating failure. e failure surface of the coal sample is rough, and the failure surface of the rock sample is smooth. e coal body of coal-rock combinations has the penetrating failure, but the rock body is not substantially damaged. In the uniaxial cyclic loading test, the failure of coal-rock combination samples was the same as that of coal-rock combination samples in the conventional uniaxial loading test. In the test process, debris ejection is found in mudstone, fine sandstone, and coal-rock combination bodies, and there is no debris ejection in medium sandstone samples during loading. In the uniaxial cyclic loading test, a large coal body caves out of the test bench. Compared with the failure of the coal-rock combination in uniaxial cyclic loading tests, when the roof lithology is soft, the roof rock will break with the coal body and produce penetrating cracks. When the roof lithology is hard, the roof rock will not break with the coal body.
From this analysis, there are a large number of microcracks in the coal and rock samples. e failure of the sample is due to the formation of macrocracks. e microcracks in Shock and Vibration the samples continuously sprout, expand, penetrate, and finally form macrocracks. en, the macrocracks will cause the failure of samples. At the same time, it is found that there are more microcracks in the coal samples than those in the rock samples. Under the action of external forces, the microcracks in coal bodies expand and penetrate rapidly, which destroys the coal bodies at lower pressure. During the test, the samples will make a slight noise, which is due to the expansion and penetration of microcracks under the action of external forces. e closer the peak intensity is, the more frequent the noise is. is indicates that when the cracks are near the peak strength, a large number of microcracks will expand and penetrate.
Comparing the curves in Figure 5 , the elastic and yield stages of rock samples and coal-rock combinations are longer, and the plastic failure stage is less obvious. e stress decreases rapidly after the peak point, and the postpeak curves are very short, showing a sudden brittle failure. Before the failure of the coal samples, there is an obvious plastic failure stage. In this stage, the microcracks further increase and expand, and plastic deformation of the sample occurs. e stress after the peak decreases slowly and then rapidly decreases, showing the characteristics of brittle failure.
Compared with the curves in Figure 6 , the postrupture stage of the coal-rock combination curves in the uniaxial cyclic loading test is closely related to the roof lithology. For the combinations with hard roof lithology, the residual strain after the peak is less and the failure of the samples is close to a brittle failure. On the contrary, the combinations with weaker roof lithology have more residual strains after peak, and the samples show obvious progressive failure characteristics.
Comparing the stress-strain curves in Figures 5 and 6 , it can be found that the curves of coal-rock combinations have obvious compaction, elastic deformation, and yield stages, and the plastic failure stage is not obvious. After the peak stress, the stress decreases rapidly and the curves behind the peak are very short, showing a sudden brittle fracture. In the uniaxial cyclic loading test, the cyclic curves at the peak have a complete change stage. Unlike the conventional uniaxial loading tests, the cyclic curves at the peak have obvious plastic failure and postrupture stages, with residual stress remaining after the peak and showing progressive failure.
From this analysis, the main reason for the large gap in the failure characteristics of samples lies in the different loading modes. During the conventional uniaxial loading test, the elastic strain of samples cannot be stabilised, and it was characterised by sudden brittle failure and no obvious postrupture stage. In the process of uniaxial cyclic loading, the samples were repeatedly compacted, the elastic deformation decreased, and the elastic strain tended to be stable, showing progressive failure and obvious postrupture stage.
By comparing and analysing the strain at the peak of each sample in Table 2 , it can be found that the average axial strain at the peak of coal samples was 0.01131 in the conventional uniaxial loading test, and the axial strains at the peak of rock samples were larger than that of coal sample, which were 0.01257, 0.01409, and 0.01434, respectively. However, the axial strains at the peak value of coal-rock combinations were 0.00971, 0.09971, and 0.00965, which were smaller than those of coal and rock samples. is showed that the deformation degree of coal-rock combinations was lower than that of coal and rock samples under the condition of conventional uniaxial loading tests. In the uniaxial cyclic loading test, the average axial strains at the peak stress of coal-rock combinations were 0.012415, 0.01074, and 0.013455, which were larger than the axial strain at the peak stress of coal-rock combinations in conventional uniaxial loading tests.
is showed that the loading method could improve the deformation degree of the samples.
Compressive Strength and Deformation Characteristics
Compressive Strength.
Compressive strength is one of the basic mechanical properties of rock and other materials, and it is also one of the commonly used parameters to judge the strength of samples [44] [45] [46] . e stress-strain curves obtained from the loading tests are shown in Figures 6 and 7 . e compressive strength, peak strain, and Young's modulus of the samples are listed in Table 2 .
By comparing and analysing the test results in e average uniaxial compressive strength of coal samples was 13.4 MPa. Compared with the uniaxial compressive strength of the coal-rock combination, the compressive strength of coal in a coal-rock combination was increased by 96.27%, 88.06%, and 106.72%, respectively. By analysing the above test results, it can be found that under the cyclic loading, the uniaxial compressive strength of the combinations is greatly reduced, with an average decrease of 64.06%. It shows that the cyclic loading can weaken the strength of the samples. e results showed that the uniaxial compressive strength of coal-rock combinations measured in the conventional uniaxial loading test was higher than that of coal samples but lower than that of rock samples. e ultimate strength of coal-rock combinations obtained in the uniaxial cyclic loading test was slightly lower than the uniaxial compressive strength of coal-rock combinations. e compressive strength of roof rocks is negatively correlated with the compressive strength of the coal-rock combination itself. Under cyclic loading conditions, the sample is repeatedly compacted, which will weaken its ability to resist deformation and reduce its compressive strength.
From this analysis, the existence of coal in the combination will have a certain impact on the mechanical properties of rock and could weaken its mechanical properties. Moreover, because of the existence of rock, the compressive strength of coal is effectively enhanced, and it does not easily fail. erefore, it can be considered that the roof rock has a certain protective effect on the coal body.
Young's Modulus.
Young's modulus is a physical quantity that describes the elasticity of coal and rock, and it is an important index to judge their degree of elastic deformation [47, 48] . e uniaxial cyclic loading curves were further analysed. Young's modulus of each loading curve of the combinations was calculated by using analysis software.
e results are listed in Table 3 , and Young's modulus-cycle index curves were obtained by fitting it with the cycle index, as shown in Figure 7 . From the figure, we can see that Young's modulus of most samples increased rapidly during U 5 -U 6 cycles and then fluctuated within a certain range. In some samples, it even decreased slightly. Fitting Young's modulus of U 5 -U 6 cycles before uniaxial cycling loading with the cycle index, it was found that the fitting curve was a logarithmic function (R 2 ≥ 0.95), which was the same as that of the results of Li's research [49] . However, through further analysis of the data, Young's modulus of the whole cycle was fitted with the cycle index. It was found that most of the fitting curves are quadratic functions downward from the opening, and the correlation coefficients are above 0.95. e fitting results are presented in Table 3 , which shows that the fitting curves reflected the variation of Young's modulus of the sample with the cycle index more truthfully. erefore, in the early stage of uniaxial cyclic loading, the internal microcracks of the samples develop rapidly and are compacted continuously under the action of external forces.
is resulted in the increase in Young's modulus of the samples during the first few cycles. After U 5 -U 6 cycles, the internal cracks of the test piece were fully developed and expanded, and the samples reached their elastic limit. erefore, Young's modulus of the samples does not change significantly, and it fluctuates within a certain range with the cycle index.
Under the uniaxial cyclic loading condition, it can be found that Young's modulus of the samples after U 5 -U 6 cycles is slightly larger than that obtained from the conventional uniaxial loading test.
is indicates that cyclic loading can improve the stiffness of the samples and makes it difficult to deform them.
Law of Energy Evolution
Elastic Energy Density and Dissipative Energy Density.
e essence of the deformation and failure of coal and rock is a type of instability phenomenon driven by energy. Deformation and instability of coal and rock are accompanied by energy dissipation and release. erefore, it is of great significance to study the law of rock and coal energy evolution to explain the mechanical characteristics and failure mechanism of rock and coal under stress [50] [51] [52] [53] [54] [55] . Under laboratory conditions, the energy evolution of coal and rock samples can be divided into four processes: energy input, energy accumulation, energy dissipation, and energy release. Among them, energy accumulation and energy dissipation occur almost at the same time. In the process of loading, without considering other energy losses, part of the input energy can cause the elastic deformation of the sample, which accumulates in the form of elastic deformation energy. is part of the energy can be released when unloading. At the same time, microcracks are continuously generated, developed, and penetrated in the sample. e other part of the energy is dissipated in the form of dissipated energy in the process [56] . In this study, the energy evolution law of the combinations in the cyclic loading test is revealed by studying the variation characteristics of the elastic and dissipated energies.
For convenient calculation, the evolution law of the elastic and dissipated energies is studied by calculating the elastic and dissipated energy densities, which were calculated by graphical integration. e elastic and dissipated energies of coal-rock combinations are equal to the elastic and dissipated energy densities multiplied by the sample volume, respectively. Because the sample volume is the same, the research of energy density can replace the research of energy. e calculation is shown in Figure 8 [30, 31] . According to the calculation method shown in Figure 8 and the calculation formula as follows, the elastic energy density (W T ), dissipated energy density (W H ), and input energy density (W) of each cycle for the coal-rock combination samples were calculated:
(1) e elastic and dissipated energy densities before the peak of the combination were fitted with the respective cycle index, and the fitting curves shown in Figure 9 were obtained. It can be seen from the figure that the energy density curves of the three coal-rock combinations showed a nonlinear trend, which is similar to the quadratic function curve, and the elastic and dissipated energy densities increased with the increase in cycle index. With the increase in cycle index, the slope of the curve increased and the speed of the energy density also increased. In the process of cycle loading, the elastic energy density curves of the coal-rock combinations were always very close to the energy density curves, while the dissipated energy density curves clearly deviated from the curves. is showed that the cumulative velocity and quantity of elastic energy were higher than the dissipated energy with the increase in cycle index. e ratios of elastic energy density and dissipated energy density to energy density, respectively, were fitted with the cycle index, and the curves shown in Figure 10 were obtained. It can be seen from the figure that the elastic energy density accounted for almost 80% of the input energy density, which was always in the dominant position, and most of the energy in the input samples was stored in the form of elastic energy. is indicated that more energy was stored in the form of elastic energy in the combination and less energy was released in the form of dissipated energy. Figure 11 presents the characteristic diagram of cyclic loading and unloading failure. It can be seen from the figure that the higher the cycle index, the more serious the failure of the samples. With the increase in cycle index, the accumulated elastic energy in the coal-rock combinations increased continuously. When these elastic energies were released, it was released in the form of kinetic energy, which aggravated the failure of the samples.
In summary, the higher the ratio of elastic energy stored in the rock samples to the input energy, the more obvious the elasticity and the more the kinetic energy released during failure.
Elastic Energy Index.
e elastic energy index refers to the ratio of the accumulated elastic strain energy to the dissipated plastic strain energy in a uniaxial loading test [57, 58] . e elastic energy index (W ET ) is calculated by the following formula, and the calculation model is shown in Figure 8 :
To verify the validity of the previous point of view, the experimental data were further processed. According to the elastic energy density and dissipative energy density, the elastic energy index of each combined cycle is calculated. e curve of elastic energy index is shown in Figure 12 . e analysis data showed that the elastic energy index of the combination increased first, then stabilised, and then decreased with the increase in cycle index. e elastic energy index of the first two cycles varied greatly, indicating that cyclic loading could change the kinetic energy released when the sample was damaged. With the increase in cycle index, the elastic energy index of the combinations decreased, but the elastic energy index of the cycle before the samples were destroyed was still much larger than that of the first cycle. e cyclic loading test made the coal-rock combinations store more elastic energy, and they would release more kinetic energy when samples were destroyed. is was a good verification of the above point of view.
Discussion
Engineering practice shows that the stress environment of an underground coal mine is complex. e mining stress and original rock stress superimpose on the coal seam and roof rock, which is similar to a cyclic loading condition. Coal mine disasters are mostly generated by the overall structure of coal seam and roof [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] . Many coal mine disasters demonstrate that roof-and-floor rock has a loading effect on the failure of the coal seam. For this reason, the deformation and failure characteristics and energy evolution law of coalrock combinations under a cyclic loading condition were studied experimentally. e experimental results show that In the existing studies, Li et al. [49] carried out uniaxial cyclic loading tests on fractured rock and repeated fatigue tests at the same unloading level. It was found that Young's modulus of the sample was logarithmic to the unloading level. In this study, the relationship between Young's modulus of coal-rock combinations and the cycle index is studied by uniaxial cyclic loading tests. e test results show that Young's modulus of coal-rock combinations has a quadratic function relationship with the cycle index. e fitting curves are shown in Figure 13 , and the fitting equation is presented in Table 3 . e correlation coefficients were above 0.95, which showed that the fitting curves could reflect the real situation better. e difference between the two test results is due to the differences in the test pieces used. e former uses fractured rock, and the latter uses coal-rock combinations. Another reason may be the difference of loading methods. e former is based on the fatigue test, and this paper is only obtained by the uniaxial cyclic loading test. Yang et al. [56] carried out conventional uniaxial and uniaxial cyclic loading tests on coal samples, rock samples, and coal-rock combinations. It was found that the input energy, elastic energy, and dissipation energy of the combinations in the prepeak stage had a nonlinear relationship with the axial stress. Furthermore, when the yield stage was reached, there was a sudden change point of the dissipated energy, and then, the ratio of dissipated energy increased more. In this study, the input, elastic, and dissipated energies were fitted with the cycle index. It was found that the curves also showed a nonlinear growth, which validated the above research. e difference is that, as can be seen from Figure 9 , the ratio of dissipated energy of most samples decreased first and then increased and the ratio of dissipated energy increased more in the last 1-2 cycles. 
Shock and Vibration
Based on the experimental study of coal samples, rock samples, and coal-rock combinations, the failure modes, strength, and deformation characteristics of coal-rock combinations under two uniaxial loading conditions were obtained. e energy evolution law of coal-rock combinations under cyclic loading conditions was studied and analysed. e variation law of the input, elastic, and dissipated energies with the cycle index was obtained, and the fitting equations were also obtained. It well reveals the influence of cycle index on the law of energy evolution. It is of great significance to study the failure modes, deformation characteristics, and energy evolution of coal and rock structures in situ, and this work is expected to provide parameter support for the design and evaluation of underground engineering projects related to coal mines.
In this study, the deformation, failure, and energy evolution of coal-rock combinations were systematically studied, and some valuable conclusions were obtained. Although the elastic energy index of coal-rock combinations was calculated, its threshold value was different from that of coal samples. At present, the research cannot obtain this important numerical value. In the future work, we also need to carry out a large number of indoor tests to study the effects of combination mode and loading methods on the failure mode, mechanical properties, and energy evolution of coal-rock combinations. Combined with the actual situation of the site, we need to present a more reasonable method and a threshold for evaluating the coal burst tendency of coal seams. By this, it can provide a more reliable basis for the evaluation of field engineering coal burst tendency so that the experimental research can better serve the field.
Conclusion
In this study, the effects of loading mode, cycle index, and rock properties on the mechanical properties of coal-rock combinations were systematically analysed through conventional uniaxial and uniaxial cyclic loading tests.
(1) ere were mainly three types of failure modes during the tests: shear slip, tensile splitting, and fracture. Under the conventional uniaxial loading condition, the main failure mode of the samples was fracture failure, and a few of them had tensile splitting failure. Under the uniaxial cyclic loading test condition, the main failure mode of the samples was shear slip failure. All the coal sections in coalrock combinations failed, whereas most rock sections remained intact. (2) e compressive strength of a coal-rock combination was larger than that of coal and much smaller than that of rock. Under the conventional uniaxial loading condition, the uniaxial compressive strength of the coal-rock combinations was approximately 97.02% larger than that of the coal section and approximately 60% of that of the rock section. Under the cyclic loading condition, both the maximum deformation before failure and Young's modulus of coal-rock combinations were larger than those under the conventional uniaxial loading condition, and the latter increased logarithmically with the cycle index. (3) e elastic energy stored in coal-rock combinations played a dominant role in the distribution of all input energy, accounting for more than 80% of it. Most energy was released in the form of kinetic energy during the failure process, which aggravated the damage degree. With the increase in cycle index, both the elastic energy stored in the sample and the dissipated energy increased in a quadratic function, and the failure process became more intense.
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